Crown rust, caused by the fungal pathogen, Puccinia coronata Corda var. avenae W.P. Fraser Ledingham, reduces kernel quality and grain yield in oat (Avena sativa L.). Partial resistance is considered to be a durable form of rust resistance. This study sought to evaluate the feasibility of simultaneously improving partial resistance to crown rust, grain yield, and seed weight in an oat population, and to estimate predicted and realized heritabilities for area under disease progress curve (AUDPC) and genetic correlations between AUDPC and agronomic traits in both crown rust-inoculated and fungicide-treated plots. A single cycle of selection for partial resistance to crown rust was performed. The initial (C 0 ) and selected (C 1 ) generations were evaluated in a field experiment in 2001 and 2002 at two Iowa locations. Selection on an index increased the levels of crown rust resistance, grain yield, and seed weight in crown rust2inoculated plots, and seed weight in fungicide-treated plots. However, the change for the grain yield in fungicide-treated plots was not significant. In both C 0 and C 1 populations, AUDPC was highly heritable (H 5 0.77 and 0.78 respectively), and was favorably correlated with grain yield, seed weight, and test weight measured in inoculated plots. Realized heritabilities for all traits except grain yield under fungicide treatment were consistent with predicted heritabilities. Our results suggested that index selection could increase levels of crown rust resistance, grain yield, and seed weight simultaneously.
C ROWN RUST is one of the most widespread and destructive diseases of cultivated oat. In susceptible oat cultivars, this disease can cause grain yield losses of up to 30% (Endo and Boewe, 1958; Frey et al., 1973) . The disease can be controlled with fungicides or genetic resistance. Historically, resistance has been based on single major genes that confer complete resistance to specific pathotypes of P. coronata. However, new pathotypes with virulence to these genes have developed rapidly after the introduction of cultivars possessing them, rendering the resistance ineffective. A form of resistance that does not confer complete resistance but that is presumed to act against all pathotypes has been dubbed partial resistance (Parlevliet, 1978) . Partial resistance is thought to be polygenic. Both because all pathotypes have some virulence against it and because it acts more broadly than single-gene resistance, partial resistance is hypothesized to cause smaller selection differentials between pathotypes and therefore slow the evolution of virulence relative to single-gene resistance (Simons, 1972) . Thus, increasing partial resistance may provide genotypes capable of economically useful disease control for long periods of time.
Selection for partial resistance may provide an effective means to control crown rust resistance in oat. However, the value of a cultivar will generally not depend on the single trait of disease resistance. Agronomic and grain quality traits also strongly affect the value of a cultivar. Selection on one trait often affects other traits because of genetic correlation between traits. Genetic correlations between traits may be due to gene pleiotropy or linkage disequilibrium between loci (Falconer and Mackay, 1996) . Therefore, selection on one trait is insufficient to generate genotypes useful as commercial varieties. For example, selection for greater b-glucan content in oat caused unfavorable correlated responses for agronomic performance in one population because b-glucan content was negatively genetically correlated with grain yield, biomass, and test weight (Cervantes-Martinez et al., 2002) . Holland and Munkvold (2001) found that partial resistance to crown rust was favorably genetically correlated with grain yield and seed weight measured in pathogen-inoculated plots, but not significantly genetically correlated with grain yield and seed weight measured in fungicide-treated plots. These results suggested that selection combining partial resistance to crown rust with grain yield and seed weight would be possible for oat.
Index selection is the method of choice to simultaneously select for multiple traits (Baker, 1986) . It allows appropriate consideration of economic value and genetic and phenotypic parameters. Sharma and Duveiller (2003) applied index selection to improve resistance to Cochliobolus sativus (Ito & Kurib.) Drechs. and Pyrenophora tritici-repentis (Died.) Drechs., maturity, and kernel weight in spring wheat. Area under disease progress curve was used as the measurement of disease severity. Their results from replicated field tests showed the reduction of AUDPC was associated with increased grain yield and kernel weight, without significant change for maturity.
The objectives of this research were to: (i) test the feasibility of improving partial resistance to crown rust, grain yield, and seed weight in an oat population simultaneously using index selection; (ii) estimate broadsense heritabilities, realized heritabilities, and genetic and phenotypic correlations of AUDPC; grain yield, seed weight, and test weight in diseased plots; and grain yield, seed weight, and test weight in disease-free plots. The results of this experiment will guide further experiments to develop durably resistant oat lines with good agronomic performance.
MATERIAL AND METHODS

Population Development
The base population used in this study was developed by Holland and Munkvold (2001) who described it in detail. Briefly, nine cultivars and lines were selected based on field evaluations to serve as donors of putative partial resistance genes ("rust resistance donor parents," Table 1 ). Another 10 cultivars and lines with excellent grain yield and agronomic performance were selected to serve as donors of favorable alleles for grain yield and quality traits ("yield donor parents," Table 1 ). Effective selection for polygenic partial rust resistance requires that the population lack major-gene complete resistance to the inoculum used for artificial infection (Parlevliet, 1985; Cox, 1995) . The cultivars and lines used fulfilled this requirement (Holland and Munkvold, 2001) .
Unrelated F 1 s from a Design II mating between the yield and crown rust donor parents were intermated to produce 83 full-sib families. A total of 162 S 0 seeds were developed from these four-way crosses, from which S 1:3 families were obtained. In addition, 36 F 3:5 families from biparental crosses were included to make approximately equal the allelic contributions from each original parent of the population. The S 1:3 and F 3:5 families together constituted 198 lines which comprised the C 0 base population.
Trait Evaluation
Experimental units and trait measurements were similar in both selection and evaluation experiments, as follows. The experimental unit was a hill plot planted with 30 seeds and spaced 0.3 m in perpendicular directions. Experiments were surrounded by two rows of border hills of the crown rust susceptible cultivar Markton. The experiment was conducted with two treatments: inoculated (by injecting about 0.2 mL of 10 5 urediniospore mL 21 suspension of isolate 345 of P. coronata into three stems at the three-to four-leaf development stage, in both data and border plots) and sprayed (using the systemic fungicide triadimefon [Bayleton], 1-(4-chlorophenoxy)-3,3-dimethyl-1-(1H-1,2,4-triazol-1-yl)-2-butanone at the four-to five-leaf stage, with a concentration of 500 g a.i. in 815 L of H 2 O per hectare). The four traits measured were crown rust disease severity, grain yield, 100-seed weight, and test weight. The assessment for crown rust severity was conducted by visually scoring the percentage of leaf area infected (Peterson et al., 1948) on the flag leaf and second leaf of four tillers in every plot in the inoculated treatment. Scores from the eight readings in each plot were averaged. The measurements were made on three dates, each separated by about 1 wk, from the beginning to close to the end of the epidemic, which corresponded to the end of the third week of June to the beginning of the first week in July. On each rating date, the average percentage of leaf area infected from both flag and second leaves was computed for each plot. AUDPC was then computed for each plot according to the formula given by Bjarko and Line (1988) :
where Y i 5 rust severity at the ith observation; T i 5 time (day) at the ith observation; and N 5 total number of observation (N 5 3 in our case). This approach was also used by Holland and Munkvold (2001) , who illustrate typical disease progress curves.
Plots were harvested by manually cutting, bagging, and tying the plots, allowing the bundles to dry in the open for at least 5 d, then threshing. After weighing seed on a plot basis, yields were converted to grams per square meter. Seed weight was measured on each plot by averaging the weights of two samples of 100 randomly selected seeds. Test weight * Difference between mean of rust resistance and yield donor parents significant at P 5 0.05. † For parents that differ by the LSD or more, the null hypothesis that their means are equal can be rejected with a type I error rate of 0.05. ‡ NS, no significant difference between mean of rust resistance and yield donor parents.
was measured in a container with a volume of 46 mL (Klein et al., 1993) .
Selection Experiment
In 1998, 198 lines of the C 0 population were evaluated at three locations: the Agronomy and Agricultural Research Farm, Boone Co., IA; the Hinds Research Farm, north of Ames, Story Co., IA; and the Iowa State University Northern Research Farm, near Kanawha, Hancock Co., IA. Soil types were Nicollet loam (fine-loamy, mixed, superactive, mesic Aquic Hapludoll) in Boone Co., Coland clay (fine-loamy, mixed, superactive, mesic Cumulic Endoaquoll) in Story Co., and Canisteo loam (fineloamy, mixed, calcareous, mesic Typic Endoaquoll) in Hancock Co. In each location, the inoculated versus sprayed treatments were applied to whole plots. Within whole plots, lines were replicated three times, with each replication designed as an 11 by 11 square lattice.
A Smith-Hazel selection index (Baker, 1986 ) was calculated such that equal economic weight was given to one phenotypic standard deviation in each of five traits: AUDPC, grain yield, and 100 seed weight under inoculation, and grain yield and 100 seed weight under sprayed treatments. Selection was performed on the index value which combined high yield, high 100-seed weight, and low AUDPC. The 15 families with the highest index values were intermated in a full diallel to generate 210 F 1 seed from which F 3:5 families were obtained to form the C 1 population.
Evaluation Experiment
In 2001 and 2002, an evaluation experiment was conducted at the Boone Co. and Story Co. locations to determine the efficacy of one cycle of selection for AUDPC and other agronomic traits in the index. The experiment contained: (i) nine crown rust resistance donor parents, (ii) 10 yield donor parents, (iii) two resistant checks ('Jim' and 'Gem') and one susceptible check (Markton), (iv) 79 random S 1:5 or F 3:7 lines from the C 0 population, and (v) 79 random F 3:6 lines from the C 1 population. This gave a total of 180 entries. The entries were randomized into 18 blocks of ten plots using an a (0, 1) design such that one or two plots in each block were a parent or check cultivar. Three replications of the 180 entries were planted in each whole plot, which consisted of either inoculated or sprayed treatments.
Statistical Analysis
Variance components for all traits were evaluated on the random lines from the C 0 and C 1 cycle entries only. To take advantage of all data to estimate replication and block effects, a first analysis was peformed using Proc Mixed of SAS (SAS Institute Inc., 1999) with all data. Whole plot treatments and environments were considered fixed effects, and replications, blocks, and lines were considered random effects; interactions between lines and treatments or environments were also considered random. Measured phenotypes were then adjusted for replication and block effects by subtracting the effect estimates. Adjusted phenotypes of the random lines were then analyzed by cycle, considering whole plot treatments and environments as fixed effects, and lines and their interactions with treatment and environment as random effects. Replication and block effects were not included in this second analysis. Significance of response to selection was tested using contrasts between the C 0 and C 1 population means.
Genotypic variance components were estimated as the line variance component for a given cycle population. The pheno-typic variance on a plot basis for each trait was estimated as a linear combination of the variance components due to the main and interaction variance components for the following factors: line, location, year, and experimental error. In this study, the same trait measured under different treatments was considered as a different trait. Thus, the phenotypic variance on a plot basis was estimated for yield, 100-seed weight, and test weight under either inoculated treatment or sprayed treatment and for AUDPC asr 2 P(plot) 5r 2 line 1r 2 line3location 1 r 2 line3year 1r 2 line3location3year 1r 2 error and the phenotypic variance on a line mean basis for these traits was estimated aŝ , respectively:
Genetic and phenotypic correlations between traits were estimated using data adjusted to remove replication and block effects as described above. Variance components needed to compute the correlations were estimated using SAS Proc Mixed (SAS Institute Inc., 1999). Because Proc Mixed allows only a single dependent variable, data for two traits at a time were read into a single variable, which was analyzed as follows. Effects of environment within trait were considered fixed. For both line and line 3 environment effects, trait was specified as a random effect. The subject and type options of the procedure were used to define line or line 3 environment as subjects and to specify an unstructured covariance matrix between traits. For traits that were measured in the same treatment (e.g., AUDPC and inoculated yield), trait was also specified as the repeated effect using the repeated statement; plot was then considered the subject and again an unstructured covariance matrix was specified. For traits that were measured in different treatments (e.g., inoculated yield and sprayed yield), separate error variances were estimated using the group option of the repeated statement. No error covariance could then be estimated. Together, these statements generated the correct overall variance-covariance matrix among all observations and allowed for the estimation of nine or eight variance components for pairs of traits measured in the same or different treatments: two variances at the line, line 3 environment, and plot levels and a covariance at the line and line 3 environment levels, as well as an error covariance for traits measured in the same treatment. Genetic correlations were calculated in the usual way from variances and covariances at the line level. Phenotypic correlations were calculated by dividing the summed covariances by the square root of the product of the variances, summed within each trait. Standard errors for these correlations were obtained using the asymptotic variances and covariances of the estimated variance components. Formulae for the standard errors were developed using the delta method (Lynch and Walsh, 1998, equation A1.7c ).
Realized heritabilities were calculated aŝ
where C 0E and C 1E were the average phenotype of lines in the evaluation experiment for cycle 0 and cycle 1, respectively, C 0S was the average phenotype of all lines in the selection experiment, and S 0S was the average phenotype of selected lines in the selection experiment. Following Walsh and Lynch (2005) , variances of the realized heritabilities were calculated as var(ĥ 2
The variances and covariance of the C iE accounting for drift are given by Walsh and Lynch (2005) 
where s z 2 is the phenotypic variance among evaluated lines, M iX is the number of lines observed in cycle i in the selection (S) or evaluation (E) experiment, and f 1 is the inbreeding coefficient of C 1 . To calculate s z 2 , best linear unbiased estimators of the line effects were obtained by analyzing the data treating lines as fixed effects and all year, location, replication, and block as random effects using SAS Proc Mixed. The variance of these estimators was then calculated. To calculate f 1 , we accounted for the fact that 15 S 1 -derived lines were used as parents and that the family size of each parent was fixed at 28. Furthermore, each progeny was selfed once before seed was increased for evaluation. These considerations allowed us to obtain the expected founder allele frequency and its variance in the cycle 1 population. With these parameters we calculated E(f 1 ) > 0.049.
RESULTS AND DISCUSSION Response to Selection
From cycle C 0 to C 1 , selection for partial resistance reduced the mean AUDPC from 162 to 143 (Table 2) , a reduction of 12%. Because the duration of the selection cycle was 2 yr, the reduction of AUDPC was 6% per year. This response is less than that obtained by Diaz-Lago et al. (2002) . After four cycles of rapid recurrent selection for partial resistance, they found an average reduction of 11% in AUDPC per year. One might expect the response to selection in AUDPC to be greater in the experiment by Diaz-Lago et al. (2002) than in this experiment because they selected solely on the basis of AUDPC, whereas this experiment involved multipletrait index selection. Another difference between their procedure and the one used here is that they inoculated with a mixed-race rust population whereas we used a single rust isolate. In the presence of a mixed-race population, partial resistance can be confounded with the presence of major genes conferring complete resistance against part of the pathogen population (Parlevliet, 1985) . Diaz-Lago et al. (2002) tested for the presence of major genes in their oat population and found that about 15% of all oat genotype by crown rust race reactions were of the complete resistance type. Thus, major genes were segregating in their population, and it is possible that through the use of a mixed-race inoculum they selected for increased population frequencies of the major genes as well as for increased partial rust resistance. Selection for major genes might have increased the rate of response that they observed relative to our observation. Note that, in our case, we cannot guarantee that natural inoculum with other virulence specificities than the artificial inoculum was absent from the trial. Our methods and some anecdotal observations, however, suggest that the artificial inoculum dominated. First, we inoculated before natural infection was observed on surrounding plots, giving the artificial inoculum a head start. Second, in our plots, we often observed initial pustules close to punctures in the leaves made by the syringe inoculation.
After one cycle of selection, the average AUDPC for the population was 143, the level of partial resistance of the disease resistance donor parental line Moore (Table 1 ). If this rate of progress were maintained, two more cycles would be required to attain the level of resistance of parental line MN841810 which showed the highest partial resistance level (AUDPC 5 113) among all resistance donor parents. Grain yield increased significantly from C 0 to C 1 under crown rust inoculation (P , 0.05) (Table 2 ). However, there was no significant change for grain yield under fungicide treatment. One possible reason might be a weak correlation between the selection index and grain yield under fungicide treatment. However, we calculated the correlation between the selection index and grain yield for the C 0 population in the evaluation experiment under both fungicide and inoculated treatments, and they were similar. It therefore seems unlikely that a lack of correlation can explain the poor response of grain yield Table 2 . Area under disease progress curve (AUDPC), grain yield, 100-seed weight, and test weight, estimated from two cycles (C 0 and C 1 ) in two treatments in 2001 and 2002. 
Heritability
Broad-sense heritabilities were estimated by means of variance components from evaluation experiments in 2001 and 2002 (Table 3 and Table 4 ). The high line-mean heritabilities for all traits measured (from 0.67 for grain yield under crown rust inoculation to 0.94 test weight under the sprayed treatment) suggest that all traits should respond well to selection on the basis of line means among C 0 and C 1 populations (Table 4) . Heritabilities on a plot basis were lower, especially for AUDPC and grain yield in inoculated plots (Table 4 ), suggesting that replication and multiple-environment testing are needed for evaluating these traits. There was no evidence for decreased genotypic variances or heritabilities for any trait following selection, suggesting that further genetic progress from selection can be made in this population.
Realized heritability is based on the selection effects that are actually transmitted to the next generation or cycle. Realized heritabilities for the selection from C 0 to C 1 population were calculated for grain yield, and 100 seed weight under inoculation and fungicide treatments and for AUDPC (Table 4) , because these five traits contributed to the selection index for the C 0 population.
Based on variance components estimated during the evaluation experiment, we also calculated the broadsense line-mean heritability predicted for the selection experiment that was conducted in three locations but only 1 yr (Table 4 ). For all traits except grain yield under disease-free treatment, realized heritabilities were greater than half of line-mean heritabilities during selection, indicating that more than half of genetic variance was additive. Note, however, that the realized heritability standard errors are quite high, which results from accounting for genetic drift in their calculation.
Correlation
AUDPC was genetically and phenotypically negatively correlated with grain yield, 100-seed weight, and test weight under crown rust inoculation in both cycles (Table 5 ). This result is consistent with Holland and Munkvold's (2001) results, indicating that higher levels of crown rust resistance contribute to increased grain yield and grain weight under inoculation. Under fungicide treatment, AUDPC was genetically positively correlated with test weight and 100-seed test weight, but negatively correlated with grain yield in the C 0 and positively in the C 1 cycles. These data support Holland and Munkvold's (2001) suggestion that there may be different sets of genes affecting grain yield under diseasestress and disease-free environments. After one cycle of selection, the genetic correlations between AUDPC and most other agronomic traits shifted in an unfavorable direction from the perspective of selection (Table 5) . For example, a strong negative correlation between AUDPC and grain yield would be desirable for selection, since we seek to decrease AUDPC but increase yield. The genetic correlation between AUDPC and grain yield under inoculation, however, shifted in a positive direction, from 20.38 to 20.08. This effect is undesirable for selection in subsequent generations. This result is consistent with the prediction that the genetic correlations could easily change in the undesirable direction as a result of index selection (Itoh, 1991) .
In this study, we used index selection for improving crown rust resistance, grain yield, and 100-seed weight in oats. The results showed that there was a significant decrease in AUDPC and significant increases in grain yield, seed weight under crown rust inoculation, and seed weight measured in the disease-free environment, but no significant increase in grain yield in the diseasefree environment (Table 2) . High heritabilities and desired trait correlations indicate that further selection should be effective (Table 4 and Table 5 ). 
